Abstract The behavior of argon plasma driven by nanosecond pulsed plasma in a low-pressure plasma reactor is investigated using a global model, and the results are compared with the experimental measurements. The time evolution of plasma density and the electron energy probability function are calculated by solving the energy balance and Boltzmann equations. During and shortly after the discharge pulse, the electron energy probability function can be represented by a bi-Maxwellian distribution, indicating two energy groups of electrons. According to the effective electron temperature calculation, we find that there are more high-energy electrons that play an important role in the excitation and ionization processes than low-energy electrons. The effective electron temperature is also measured via optical emission spectroscopy to evaluate the simulation model. In the comparison, the simulation results are found to be in agreement with the measurements. Furthermore, variations of the effective electron temperature are presented versus other discharge parameters, such as pulse width time, pulse rise time and gas pressure.
Introduction
Nano-pulsed plasma discharges have received renewed attention during the past few years for surface treatment applications such as pulse ion plating [1, 2] , pulse plasma nitriding [3∼5] and harmful gas removal by plasma [6, 7] . By employing this technique, it becomes possible to measure the time evolution of the plasma parameters.
Since it is possible to control the performance of processing plasmas by changing the pulse and discharge parameters, this technique is also interesting from an industrial point of view. It has been reported that the average power input of nanosecond pulsed glow discharge [8] is 250 times lower than that needed for a DC discharge producing the same electron density. WALSH et al. [9] reported that the pulsed atmospheric pressure glow discharge (APGD) offers an excellent route to enhancing the surface characteristics of polymeric materials, in particular their hydrophilic properties.
Only very limited theoretical models [10∼12] have been published to simulate pulse operation. LIU and NEIGER [13∼15] and LAROUSSI et al. [16] applied submicrosecond unipolar pulses to enhance energy-transfer efficiency with the dielectric barrier discharge (DBD) configuration at both low and atmospheric pressure, respectively. LIU and NEIGER [13] found that the energy efficiency for ozone synthesis is 30% higher with pulsed DBD than that driven with sine-wave voltages, and they then put forward a dynamic electrical model for homogeneous DBDs. Such models may give us a fundamental understanding of the mechanisms governing discharge processes, and thus help design a better reactor to predict the effect of parameter changes on discharge behavior in a systematic way, and to find a suitable parameter for the experimental measurements.
At present, nanosecond pulsed gas discharge is one of the most accessible ways to produce plasma with uniform, stable and high concentrations of abundant reactive species containing radicals, metastable species, ions, electrons and photons [17] , which is favorable for a range of complicated chemical reactions. Pulsed glow discharge has acquired increasing importance for its advantages such as high-energy electrons, which play a more important role in excitation, and the ionization process in active plasma generated during the processing of waste treatment, especially where no high gas temperature has been found but energy has been saved. However, due to the complexity that originates from the coexistence of abundant reactive species, its mechanism is still difficult to understand. Until now, reactive plasma diagnosis has been one of the most challenging tasks. Therefore, further study on nanosecond pulsed plasma discharge is needed to investigate the mechanism of how the plasma affects the results of the process as well as the time evolution of the plasma parameters during a pulse period.
In this paper, the calculation is conducted by utilizing a global model of a parallel-plate plasma discharge to obtain a description of the discharge physics. This model assumes uniform spatial distributions of the plasma parameters over the volume of the bulk plasma. The model thus does not describe spatial distribution, but captures the scaling of the plasma parameters with the control parameters. The model allows us to investigate various phenomena, such as the effects of excited species, negative ions and the particular reactions on the overall characteristics of the discharge. It has been found that the electron energy probability function during and shortly after the pulse can be represented by a bi-Maxwellian distribution with two local temperatures indicating two energy groups of electrons, respectively. According to the effective electron temperature calculation, we find that high-energy electrons are much more dominant compared with low-energy electrons. The effective electron temperature is also measured by a diagnostic system which is based on the optical emission spectrum method. Reasonable agreement is found between the simulation results and the experimental measurements. Moreover, the evolution of the effective electron temperature for various pulse width times, pulse rise times and gas pressure is also discussed in detail.
2 Theoretical background 2.1 The electronic structure properties of argon Fig. 1 shows the excited levels of an argon (Ar) atom [18] . The ground state of the Ar atom is 1 S 0 . The kinetic model for Ar is rather complex so that is capable of correctly predicting the limit of pure Ar. In our model, detailed kinetics of the four lowest levels (3p 5 4s) are considered. Two of these levels (1s 5 and 1s 3 in the Paschen notation) are metastable and two (1s 4 and 1s 2 ) are radiative. The group of 3p 5 4p levels was considered as a single lumped level (in the model it is designated as level F ) with a threshold energy of 12.9 eV. The highest 5s-levels are also represented by a single level (designated A) with a threshold energy of 14 eV. The ionization potential of the Ar atom is 15.76 eV. The following processes are taken into account (see Table 1 ): elastic scattering, excitation of the electronic levels from the ground state, ionization from the ground state, stepwise ionization, stepwise excitation, Penning ionization, ion conversion, mixing of the 3p 5 4s levels by electrons, emission, diffusion, dissociative recombination and second-kind collisions with excited atoms.
The model
The simulation of the Ar pulsed glow discharge was performed in the framework of the Chemical Work Bench [20] computational environment using a 0D 
11 Ar(1s4) + e → Ar + hw Reference [19] 12 Ar(1s2) + e → Ar + hw Reference [19] 13 Ar (+), Ar2(+) → Wall Reference [19] short-pulsed model. A self-consistent spatially averaged model is composed of balance equations for charged and neutral species averaged over the cross-section area of the tube. The voltage and chemical gas composition, which are taken into account in our model as input parameters, differ substantially from the initial ones in an operating discharge. As a result, the electron energy balance is also changed. Variations in the electron energy distribution function lead to strong variations in the rates of processes such as electron impact ionization and excitation. To account properly for these changes, the EEDF was calculated numerically by repetitive solving of a two-term spherical harmonics expansion of the Boltzmann equation. A system of kinetic equations for charged and neutral species is essentially a system of balance equations for all the species included in the model:
Loss,i .
The right-hand side of the equation describes the sources and sinks of the species, including the plasmachemical reactions, the diffusion losses and emission (for excited atoms). Here R
Generation,i and R
Loss,i are, respectively, the reaction rates of the various generation and loss processes of species x.
Diffusion of neutral species is approximated in the framework of the 0D approach through an effective diffusion length in the cylindrical geometry: Λ = R/2.045 and R is the tube radius. The diffusion loss frequency is defined as
The value of the diffusion coefficient of atoms and molecules in Ar under normal conditions was estimated as D 0 = 0.17cm 2 /s. Some excited atoms will be de-excited via pure spontaneous radiative transitions.
The energy conservation law results in relationship:
The accuracy of this relationship, obtained from the numerical solution of the Boltzmann equation, determines the accuracy of the EEDF definition, where
is the fraction of energy consumed by the electron in the inelastic and elastic pro-
, the distribution of energy consumed by the electron gas, andη kj is the fraction of energy gained by the electron in super-elastic processes. Here, m e is the electron mass, M k the mass of the k-th gas species, x k the molar fraction of the k-th species, v dr the drift electron velocity,ε the mean electron energy, E the electric field intensity, N the gas concentration, E/N the reduced electric field, k mk the rate coefficients of the elastic processes, k kj the rate coefficients of all inelastic processes, and I kj the threshold of the j-th inelastic process for the k-th species. The details are discussed in the appendix.
3 Results and discussions
Electrical characterization
The reaction vessel is fabricated from Teflon, which serves to minimize the wall recombination rate. One side of the reaction chamber is fitted with a quartz window for the observation of the discharge condition. The dynamic pumping of the vacuum chamber is obtained using a roots pump unit. Cylinder Ar gas of 99.999% without any further purification was fed into the reaction vessel by mass-flow meters. The repetitively pulsed discharges were generated by two parallel copper electrodes in low-pressure Ar, and the discharges were produced with a high-voltage pulse which is generated by a DC power and fast high voltage transistor switches (HTS 51, Behlke Electronic GmbH). Fig. 2 shows the voltage and current characteristics of the nanosecond pulse. The voltage and current output were sampled by a high-performance oscilloscope (LeCroy Wave Pro 715Zi, 1.5 GHz bandwidth). The applied voltage pulse has a −1033 V peak amplitude and a pulse width of 120 ns. The pulse rise and fall times were calculated as the interval between 90% and 10% of the peak amplitude, and were found to be 20 ns and 40 ns, respectively. A current "spike" is produced with an amplitude of 9.1 A after a delay of 65 ns from the voltage rising edge. 
The effective electron temperature
The pulsed generation of the discharges is considered an ideal technique to increase the mean T e , thus enhancing the reaction chemistry within the discharge [21] . To provide an indication of the T e optical emission, spectrum diagnostics are adopted and both line ratios and the effective electron temperature, T e , can be obtained. The plasma emission light is collected by a 1:1 telescope made of two 2 inch quartz lenses on an optical fiber bundle, which carries the emission light to the entrance slit of a 0.5 m monochromator (Acton Research Corporation spectrapro 2500i), and the charge-coupled device is employed at the monochromator exit slit for detection. The slit width used is 25 µm. Fig. 3 shows the measured emission spectrum of Ar plasma in the pulsed glow discharge. Table 2 lists the wavelengths (λ), Einstein coefficients (A), energy of the upper level (E) and multiplicity (g) of the lines, which were adapted from Ref. [22] . Under thermodynamic equilibrium or local thermodynamic equilibrium conditions, the ratio of radiation intensity between the two pectral lines can be expressed as
Taking the natural logarithm of the equation, we can obtain ln
Using the data in Table 2 in combination with the emission intensity of each line allows a Boltzmann plot to be produced, where the slope of ln( Iλ gA ) was plotted against the effective electron temperature. The obtained effective electron temperature (T e ) is 2.34 eV. 
Simulation results
A pulsed DC glow discharge is modeled by solving the governing equations presented above. The discharge gas is chosen to be Ar under a pressure of 50 torr and a temperature of 300 K. The discharge voltage was set to be 2 kV. A parallel plate configuration with equal area electrodes is assumed. The distance between the two electrodes is 0.5 cm, and the discharge tube radius is 0.75 cm. A uniform and quasi-neutral plasma as the seeds have been assumed to exist in the Ar gas, with a number density of charge particles of 10 −5 cm −3 before the high-voltage pulse.
The electron energy probability distribution function (EEPF∼ ε −1/2 F EEDF (ε)) for Ar calculated using the Boltzmann solver of the VIBRKIN code is presented in Fig. 4 , where high-energy electrons dominate in the EEPF during the pulsed applied voltage (a similar phenomenon has been observed in Ref. [23] ). This result demonstrates that the electrons gain energy from the pulse source very effectively within 90 ns. During the "on" phase, the short voltage pulse generates a strong electric field near the powered electrode, which accelerates a large number of already existing electrons to high-energy electrons. After about 90 ns, the EEPF extends towards the low-energy direction. During the "off" phase, the number of high-energy electrons reduces because of energy loss from collisions with neutrals. Fig.4 The evolutions of the electron energy probability function (EEPF)
The effective electron temperatures at different times were calculated by integrating the EEPF T e = 2 3 ∞ 0 f EEPF (ε)ε 3/2 dε, as given in Fig. 5 . The peak T e is observed immediately after the applied voltage pulse and remains nearly unchanged in the first 80 ns, then reduces as the pulsed applied voltage decreases. This is reasonable since it is generally accepted that T e reaches a maximum during the "on" phase and reduces quickly during the "off" phase. It can be seen that the effective electron temperature is quite high with a value of 3.4∼4.15 eV. This simulated result is significantly higher than the corresponding experimental measurement (T e = 2.34 eV). The discrepancy is probably due to systematic error of the measurements, because the simulated is dominated by the "pulse on" phase, while the measured effective electron temperature is mainly in the pulsed afterglow. The effective electron temperature as a function of time is also presented for different pulse width times, pulse rise times and gas pressure, as shown in Fig. 6(a)∼(c) . In general, the effective electron temperature exhibits a decreasing tendency in all simulated cases with different pulse width and rise times, and gas pressure. As is shown in Fig. 6(a) , with increasing pulse width time, the effective electron temperature increases correspondingly. The main reason for this is that a longer pulse width time would result in a longer time for the electron to obtain energy from the applied electric field. The result indicates that the effective electron temperature is directly proportional to the pulse width time. However, the effective electron temperature is inversely proportional to the pulse rise time of the applied DC pulse. From Fig. 6(b) we can observe that with increasing pulse rise time, the effective electron temperature decreases accordingly. The result is due to the fact that the shorter the rise time of the applied DC pulse, the shorter the time for the applied voltage to reach the maximum value, and thus the electrons will not lose much energy through collisions during this short pulse rise time. On the contrary, for the situation of a longer pulse rise time, the energy the electrons obtain from the longer DC pulse cannot compensate the energy loss from the collision process, leading to a decrease in the electron energy. In Fig. 6(c) , we found that the effective electron temperature will decrease with increasing gas pressure. This is reasonable because the collision processes will dramatically increase with the gas pressure and will lead to more consumption of the electron energy. During the pulse discharge, high-energy electrons as seed electrons produce reactive particles and ionelectron pairs. Newly generated electrons and the seed electrons subsequently generate more ion-electron pairs. Similar results were reported in the PIC simulations of Ar discharges [23] . To study the discharge in-depth, we focus our attention on the high-energy electrons. Fig. 7 shows the EEPF and ln(EEPF) in a linear scale, which would be a straight line for a Maxwellian distribution. However, it can be seen that the ln(EEPF) deviates from Maxwellian distribution and behaves as a bi-temperature distribution. Fitting the low-energy and high-energy parts of ln(EEPF), respectively, we can obtain two values for the local electron temperature. It is also noted that the intersection of the two straight lines is close to the first excited threshold value of Ar. To see the above phenomenon more clearly, we examine Fig. 8 , which exhibits the evolution of the proportion of low-and high-energy electrons. We can see that the percentage of high-energy electrons increases slowly to a maximum of about 81.5% at 120 ns, then decreases sharply. Therefore, during the whole pulse discharge, high-energy electrons play a very important role in reactive plasmas. 
Conclusion
Investigations of nanosecond pulse Ar discharge at low pressure are carried out both experimentally and theoretically. A time-dependent global (volume averaged) model is used to simulate the behavior of Ar plasma discharges. In the discharge model, during and shortly after the pulse, the electron energy probability function can be represented by a bi-temperature Maxwellian distribution indicating two energy groups of electrons. According to the calculation of the effective electron temperature, we find that the high-energy electrons which play an important role in the excitation and ionization processes in reactive plasma are much more dominant compared with the low-energy electrons, accounting for about 80% of the total. At the same time, the effective electron temperature is measured via optical emission spectroscopy, and further studies were carried out on the variations of effective electron temperature versus pulse width time, pulse rise time and gas pressure. The results presented in this paper show that the model can indeed describe the main features that we observed in the gas discharge.
